INTRODUCTION
The response of bedrock rivers to changes in forcing parameters is essential to understanding the relationships among tectonics, climate, and surface processes (e.g., Merritts and Vincent, 1989; Stock and Montgomery, 1999; Snyder et al., 2003) . Investigators typically focus on channel gradient because of its relationship with landscape relief but also acknowledge the role of adjustments in channel width as a response process. Recently, several studies have provided direct fi eld evidence that channels adjust both gradient and width in response to spatial variations in the rate of base-level change (e.g., Lavé and Avouac, 2001; Duvall et al., 2004; Amos and Burbank, 2007) . Interest in the dynamics of channel width has also included investigations of the relationship between width and lithology (e.g., Montgomery and Gran, 2001; Duvall et al., 2004) , experimental studies (Finnegan et al., 2007; Johnson and Whipple, 2007) , and the development of several new models that address the role of evolving channel geometry in bedrock rivers (Finnegan et al., 2005; Stark, 2006; Wobus et al., 2006) . However, we lack natural experiments that provide the opportunity to investigate the transient response of channels, which are vital for testing and validating models (Whipple, 2004) . In particular, no studies have been able to document sequential, temporal adjustments in channel width. Our contribution focuses on changes in width in response to a dramatic change in discharge and sediment fl ux in a desert river, caused by a forced diversion. This anthropogenic alteration provides a rare opportunity to investigate the transient response of a system with known initial conditions, and a large signal due to a two-orderof-magnitude change in drainage area resulting in rapid rates of channel change-a situation analogous to a step-function change in climate. We documented sequential changes in width from 1948 to 2005 using a time series of aerial photographs, an airborne laser swath mapping (ALSM) digital elevation model (DEM), and a fi eld survey. We fi nd that the style (detachment limited or transport limited; Whipple and Tucker, 2002) and sign (narrowing or widening) of the response depends on the channel conditions at the time of the diversion.
STUDY AREA
Furnace Creek Wash is on the east side of Death Valley, California (Fig. 1) . As a response to damaging fl oods in 1939 and 1941, land managers diverted it in 1941 by building a small dam and blasting a narrow cut into the divide at the head water of a northern tributary of Gower Gulch. Prior to the diversion, Gower Gulch drained 5.8 km 2 of the northern Black Mountains (maximum elevation ~500 m) onto the fl oor of Death Valley. Its prediversion upper main channel is now a tributary with a 2.5 km 2 drainage area (Gower Gulch south branch on Fig. 1 (Troxel, 1974; Dzurisin, 1975; Haff, 2001 ) have studied the effects of the diversion. Dzurisin (1975) surveyed the main channel and south branch of Gower Gulch and reported lowering of the original 25 m knickzone at the diversion by 3.2 m and incision of the alluvial fan to a maximum depth of 5.7 m.
Variations in the bedrock of Gower Gulch (McAllister, 1970) exert important control on morphology and response to the diversion, and therefore we divided the channel into six segments based on lithology (Fig. 1) ) as an experiment in the transient response of a channel to a large change in water and sediment discharge. We measured sequential changes in valley width using a time series of aerial photographs , airborne laser elevation data from 2005, and a fi eld survey. We found that the response of the system varied depending on the prediversion channel morphology and bedrock geology. In two steep knickzone segments, narrowing, knickpoint retreat and bedrock incision dominated, indicating a detachment-limited response. In the relatively low-gradient main part of Gower Gulch, widening dominated as the coarse postdiversion sediment load covered the channel bed. This transport-limited part of the system has undergone only modest incision and adjustments in gradient. Over long periods, the lowering rate of Gower Gulch probably depends on knickpoint retreat, but the present-day response of this non-steadystate system is a hybrid of incision and narrowing in detachment-limited reaches and widening in transport-limited reaches. This system demonstrates the importance of evolving channel geometry in setting the transient response of rivers to changes in forcing parameters.
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Wash, which is fl oored by modern alluvium and the underlying fi ne-grained sedimentary rocks of the Pliocene-Pleistocene Furnace Creek Formation. At the diversion point, the channel drops into a narrow slot canyon, where a series of waterfalls is cut into the Furnace Creek Formation (the upper knickzone segment). Downstream of the last waterfall, the next segments are on the prediversion tributary of (upper) Gower Gulch and the lower main channel. The channel bed through these reaches is mantled by alluvial gravel derived from outside of Gower Gulch (Dzurisin, 1975) and occasional Furnace Creek Formation bedrock exposures (particularly volcanic units, Fig. 2 ). About 800 m upstream from the mouth, the channel crosses into the Oligocene-Pliocene Artist Drive Formation, which is composed of conglomerate, sandstone, and mudstone, and is considerably more resistant than the overlying Furnace Creek Formation. The Artist Drive Formation defi nes the lower knickzone segment, where the channel bed is composed of bedrock (with several 1-3 m waterfalls) and alluvium. At its mouth, Gower Gulch cascades over an 8-m-high waterfall developed on the exhumed range-front fault. Below this waterfall, there is the Gower Gulch alluvial fan segment on the fl oor of Death Valley. The higher postdiversion water and sediment discharges caused incision of the fan and a reduction in the slope of the active channel.
IMAGE ANALYSIS AND FIELD METHODS
We assembled six sets of images spanning from 7 to 64 yr after the diversion: aerial photographs taken in 1948, 1960 (including only the lower ~2200 m of the channel), 1971, 1982, and 1995 , and an ALSM DEM from 2005 (Table DR1 in the GSA Data Repository 1 ; Fig. 2 ). The 1995 imagery is the U.S. Geological Survey (USGS) Furnace Creek 7.5′ digital ortho photograph quadrangle (DOQ, 1 m pixels) map. We orthorectifi ed and georeferenced the other photographs using ITT ENVI 4.2 imageanalysis software. For frames where camera calibration information could be obtained, we used it to build the interior orientation. We georeferenced each frame by matching ground-control points on the photographs to coordinates on the DOQ and elevations from the USGS DEM (generated from 40 ft topographic contours, ~10 m pixels). Finally, we merged adjacent frames to create continuous images of the study area.
The National Center for Airborne Laser Mapping (NCALM, http://www.ncalm.org/) collected the ALSM data in February 2005.
Raw laser returns were processed to produce a 1-m-resolution grid. Because of the hyperarid nature of the study area, no vegetation fi ltering was done. We found that a composite image of grayscale shaded relief on a color slope map provided the most information about surface texture (Fig. 2E) , and we used this to make geomorphic measurements.
We based our analysis on the high-fl ow thalweg line, digitized using geomorphic indicators on the ALSM imagery, divided into stations spaced every ~25 m ( Figs. 1 and 2) . At each station, on each image, we measured valley-bottom width from canyon wall to wall. We focused on valley width because fi ll terraces often could not be identifi ed with confidence on the aerial photographs. Lack of water fl ow and vegetation meant that the measurements from images were straightforward, except in the knickzones (the upper and parts of the lower knickzone segments), where shadowing by adjacent high-relief hillslopes and image resolution obscured the narrow canyon fl oor. We also extracted a longitudinal profi le from the thalweg path and measured channel gradient between stations with downstream increases in elevation (sinks) removed. The high-quality ALSM DEM source meant that few of these nonphysical artifacts existed.
We conducted a fi eld survey in January 2005, in which we surveyed the longitudinal profi le and valley width at ~25 m intervals using a laser range fi nder. We also measured bed grain size at 200 m intervals using the methodology of Wolman (1954) . Observations of debris from the 2004 fl ood indicated that it had inundated the entire valley fl oor throughout Gower Gulch. Fill terraces were sites of deposition during the event; these have been subsequently abandoned by channel adjustments during smaller fl ows. The fl ood also emplaced splay deposits in many tributary mouths.
The goal of this study was to use imagery to measure changes in valley width since the diversion in the confi ned part of Gower Gulch (upper knickzone, upper Gower Gulch, lower Gower Gulch, and lower knickzone segments; Fig. 1 ). To do this, we compared valley-width distributions for each channel segment using basic statistical tests. We defi ned signifi cant change as p < 0.05 (when the probability of similar means [p] was less than 0.05). To test our methods, we measured valley width at 25-m-spaced stations in a north tributary of Gower Gulch (Fig. 1) on the 1948 aerial photograph and 2005 ALSM images. We selected this tributary because it has similar morphology and geology to the upper Gower Gulch and lower Gower Gulch segments, where we concentrated our analysis, but it does not receive increased fl ow due to the diversion. It also exhibits no obvious morphologic changes because of the increased sediment and water discharge at its mouth. Therefore, it represents a control reach, where we do not expect to see signifi cant changes in width. We also compared fi eld and ALSM valley-width measurements, but our emphasis was on temporal changes using imagery.
RESULTS: CHANGES IN WIDTH
Based on image analysis, from 1948 to 2005, four of the six channel segments show significant changes in valley width (Table 1 ; Fig. 3 ; Figs. DR1-DR6 [see footnote 1]). Of these, the upper and lower Gower Gulch and alluvial fan segments widened signifi cantly, and the upper knickzone segment narrowed.
We focus here on the main Gower Gulch segments (upper and lower Gower Gulch) because they (1) are long enough to provide a large sample of measurements; (2) have consistent lithology and morphology; and (3) are wide and have relatively low relief, facilitating measurements from imagery. The north tributary control reach shows no signifi cant changes in valley width (11.5 ± 2.4 m in 1948; 11.9 ± 3.3 in 2005; p = 0.234; Fig. DR7 ). This supports the interpretations that (1) measurements from ALSM and photographic imagery are comparable and consistent, and (2) the changes we measured were a response to the diversion. The lower Gower Gulch segment exhibits the most pronounced widening, from 15.7 m to 25.4 m, with increasing mean width between each image (Fig. DR4) . Most of the observed widening in the upper Gower Gulch segment had occurred by 1982 (from 13.7 m to 17.9 m); subsequent changes have been insignifi cant (Fig. DR3) . Qualitative fi eld observations of postdiversion channel incision (hanging tributaries, etc.) indicate more lowering (locally ≤1-2 m) in the upper Gower Gulch segment than the lower Gower Gulch segment (Troxel, 1974) . In at least two places, the channel path has shortened due to cutoff of channel bends (e.g., Fig. 2 ). Field measurements of valley width in both segments are greater than the ALSM measurements but show the same pattern ( Fig. 3B; Fig. DR8 ). This difference is probably due to differing interpretations of the valley bottom in reaches with fi ll terraces and wide tributary mouths. We stress that comparisons of ALSM and aerial photograph measurements are robust because the image-analysis methods are consistent.
Field observations of narrow (≥1 m) inner gorges, strath terraces, potholes, and waterfalls indicate that the knickzones (upper and lower knickzone segments) are incising and narrowing. However, the pixel resolution (1 m) compared to width and the high relief of adjacent hillslopes hamper accurate image analysis in these segments-in the narrowest parts of the knickzones, fi eld measurements are less than those from the ALSM imagery (Fig. 3B) . The upper knickzone segment image analysis does show signifi cant narrowing, but the small sample size and nonmonotonic changes in mean valley width through time suggest that this result should not be over interpreted (Fig. DR2) . The lower knickzone segment image analysis does not indicate signifi cant changes in width (Fig. DR5) .
We do not focus on changes in the Furnace Creek Wash and Gower Gulch alluvial fan segments because these represent different processes than those occurring in Gower Gulch, where bedrock walls confi ne the channel. The diversion knickpoint is propagating upstream into the Furnace Creek Wash segment, where it is causing incision (≤10 m) and narrowing of the previous wide, alluvial channel and leaving a fl ight of cut terraces, which make identifying the active channel on imagery equivocal. The Gower Gulch alluvial fan has incised 7 m (to bedrock) at its apex, but the new fan has a lower slope than the old (perhaps because of greater water and sediment discharge and coarser material from Furnace Creek Wash). Therefore, the depth of incision decreases downstream, and the incised channel widens due to the geometry of the construction of the new, more distal fan ( Fig. 3 ; see also discussion in Dzurisin, 1975) .
DISCUSSION: CHANNEL RESPONSE PROCESSES
The dynamic changes in valley width in Gower Gulch during the postdiversion period present a "natural" experiment in the response of a mountain river to a dramatic increase in water and sediment discharge. Both erosion of bedrock and bed-load transport by rivers depend on the shear stress exerted by the fl ow on the bed (τ b ) (e.g., Whipple and Tucker, 2002) . We expect that reaches of Gower Gulch that generate high τ b will have a greater ability to transport the increased sediment load and erode the channel bed (detachment-limited response). In contrast, less-energetic reaches may only transport the sediment delivered from upstream ( transport-limited response). By combining assumptions of steady and uniform fl ow, conservation of momentum and water mass, and the Manning equation, τ b can be expressed as a function of water discharge (Q), channel width (W ), and gradient (S) (e.g., Snyder et al., 2003) : ) is so much larger than the gulch itself (5.8 km 2 ); therefore, we can approximate downstream variability in τ b to fi rst order using the fraction S 7/10 /W 3/5 (Fig. 3C ). This simple method ignores important effects such as changes in width-to-depth ratio and roughness (Snyder et al., 2003; Finnegan et al., 2005) , both of which are likely due to variations in lithology and bed cover among the channel segments.
The shear-stress proxy is high in the knickzones (upper and lower knickzone segments), where the channel is steep and narrow, and lower elsewhere (Fig. 3C ). This pattern 15.0 ± 8.7 45.6 ± 28.6 Grain size (mm) § 10 (n = 2) 8 (n = 1) 10 (n = 7) 9 (n = 7) 10 (n = 6) 9 (n = 4) connects to observed differences in channel response. In the knickzones, we see incision, some narrowing, and little sediment storage-a detachment-limited response. Conversely, in the low-gradient main part of Gower Gulch (upper and lower Gower Gulch), we see an alluvial channel bed, widening, minor incision, and local deposition of fi ll terraces-a transport-limited response. The style of response depends on the prediversion channel morphology. In 1941, the upper knickzone segment was a small headwater gully that had a trough blasted into it to allow fl ow from Furnace Creek to enter Gower Gulch. Now, the postdiversion fl ow scours the bed, inducing incision by knickpoint retreat, probably through abrasion by the coarser bed load (Sklar and Dietrich, 2004) . The lower knickzone segment contains several knickpoints in the resistant Artist Drive Formation that were probably steep and rock-bedded prior to diversion. These show evidence for post diversion bedrock erosion. For example, incision of the Gower Gulch fan generated the 8-m-high waterfall at the base of the lower knickzone segment (Fig. 3A) , which is retreating as a train of potholes cutting a narrow inner gorge. In these steep reaches, the style of response is similar to the upper knickzone segment. The transport-limited section of Gower Gulch (upper and lower Gower Gulch) is intriguing because the channel is adjusting by widening, rather than changing gradient. This section was gradual before the diversion (except probably on the resistant volcanic layers, Fig. 2 ), presumably because the channel was incising and transporting only the soft, fi ne-grained rocks of the Furnace Creek Formation, which did not require the development of steep slopes (Duvall et al., 2004) . We believe widening is occurring by two different processes that both relate to the channel sediment-transport capacity. First, in many reaches, the stream is attacking the valley walls, as evidenced by fresh plucking and scour marks below the 2004 fl ood high-water debris line. This probably occurs because the bed in the middle of the channel is alluviated and usually protected, which limits the opportunity for vertical incision (Wobus et al., 2006) . Locally, this process can yield changes in gradient when a channel bend is cut off (e.g., Fig. 2 ). This observation supports models that include erosion of bedrock on channel banks in adjusting geometry (Stark, 2006; Wobus et al., 2006) , and it highlights the importance of downstream and across-channel variations in bed-load transport (Finnegan et al., 2007; Johnson and Whipple, 2007) . Second, some reaches have experienced aggradation (deposition of fi ll terraces), which widens the valley by fi lling it in. This occurs in places where storage space exists (splay deposits in small tributary mouths, fi ll terraces in the wide valleys at larger tributary mouths) or in reaches upstream of constrictions (particularly the bottom of the lower Gower Gulch segment). Because it is not spatially restricted, the fi rst process probably contributes more to the observed increases in width, particularly in the steeper and narrower upper Gower Gulch segment (Fig. 3) .
CONCLUSIONS
Gower Gulch is a non-steady-state system. Knickpoint retreat from the upper knickzone into Furnace Creek Wash (undermining California Highway 190; Troxel, 1974; Dzurisin, 1975) and from the lower knickzone into the main part of Gower Gulch will continue for the foreseeable geologic future. The system provides an excellent opportunity to study transient responses to a large change in water and sediment discharge. These are quite variable, including incision and narrowing in the knickzones and systematic widening in large, lower-gradient sections of the channel. Ultimately, detachmentlimited processes in the knickzones will likely set the lowering rate in this system because rapid incision depends on steep channels. However, widening in the main Gower Gulch channel indicates that transport-limited processes play a key role as well. In this study area, the initial morphologic and geologic conditions and related variations in postdiversion bed-load transport capacity control the dynamic adjustments of channel geometry. This unusual experiment provides constraints for models of channel response to changes in climate or tectonics.
